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AsstrACT: This study presents the information on the dynamics of changes in land use/land cover (LULC) spatially and
temporally related to the causes of flooding in the study area. The dynamics of LULC changes have been derived based
on the classification of Landsat imagery for the period between 1990 and 2016. Terrain surface classification (TSC) was
proposed as a micro-landform classification approach in this study to create flood hazard assessment and mapping
that was produced based on the integration of TSC with a probability map for flood inundation, and flood depth infor-
mation derived from field observation. TSC as the micro-landform classification approach was derived from SRTM30
DEM data. Multi-temporal Sentinel-1 data were used to construct a pattern of historical inundation or past flooding in
the study area and also to produce the flood probability map. The results of the study indicate that the proposed flood
hazard mapping (FHM) from the TSC as a micro-landform classification approach has the same pattern with the re-
sults of the integration of historical inundation or previous floods, as well as field investigations in the study area. This
research will remain an important benchmark for planners, policymakers and researchers regarding spatial planning
in the study area. In addition, the results can provide important input for sustainable land use plans and strategies for
mitigating flood hazards.
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Introduction soil and groundwater systems. There are several
stages of the hydrological cycle that occur on this

The hydrological cycle is also known as the earth, including evaporation and transpiration,
water cycle, describing the phenomenon of the precipitation, run-off and watershed processes
water recycling system on the earth, which is in  (Narasimhan 2009, Marshall 2013, Inglezakis et
the oceans, atmosphere, land surface, biosphere, al. 2016, Chakravarty and Kumar 2019). Water
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contained in the sea and land surface can evapo-
rate into the air and move up into the atmosphere
directly and through vegetation as a process of
evaporation and transpiration, that occurs con-
densation, clouds, and rain as a process of precip-
itation. Rainfall that falls to the ground surface
becomes run-off, and also some water will be
infiltrated into the ground and become ground
water. The hydrological cycle process that oc-
curs continuously on the surface of the earth is
called ‘watershed’. A watershed is an area that is
bounded by surface topography and also drain-
age or river patterns. Rainfall that accumulates
into the watershed will flow through drainage
or river to an outlet on the surface of the earth
(Marshall 2014, Muharomah 2014). Furthermore,
the characteristics and conditions of a watershed
in an area can be explained by a geomorpholog-
ical approach. The geomorphological approach
can describe and interpret the conditions of land-
forms on the surface of the earth that includes
the nature of landforms, genesis, processes and
material composition (Verstappen 1983, Panizza
1986, Huggett 2011).

Landuse/landcover (LULC) changes can im-
pact the hydrological conditions such as land
surface coefficient, discharge and hydrographic
characteristics and also can affect the related run-
off and infiltration characteristics and hydrologi-
cal patterns in a watershed. An understanding of
LULC changes is important in supporting deci-
sions for global, regional and local land planning.
LULC change analysis can reflect the dimensions,
potential impacts and interactions of the relation-
ship between human activity and the environ-
ment (Lambin 1997, Lopez et al. 2001, Dewan,
Yamaguchi 2009, Armenteras et al. 2019). The
rapid increase in the human population and the
activities they undertake has consequences for
LULC in terms of fulfilling their needs both so-
cially and economically. Its development and the
current and future conditions of water resources
are very sensitive to LULC changes and the in-
tensification of human activities (Alexakis et al.
2014, Yulianto et al. 2018). Various different hu-
man activities exert an influence on the hydrolog-
ical cycle and water resources. These are directly
related to land use for community and economic
development, with LULC being an important in-
dicator of these impacts. Indeed, LULC has a sig-
nificant impact on the hydrological process and

the ecology of the watershed associated with run-
off, in addition to evapotranspiration. Increased
run-off as a result of LULC changes can affect
the frequency of flooding, base flow and annual
average flow in such a way as to alter the hydro-
logical cycle (Birhanu et al. 2019, Fu et al. 2019,
Yang et al. 2019). Flooding is the most frequent
type of hydrometeorological disaster that occur
in Indonesia. Flood events can cause problems
such as the inundation of settlements, damage to
infrastructure, disruption to community activi-
ties, health problems and loss of life and can cre-
ate economic losses. Therefore, floods need to be
anticipated in order to minimise the impact and
risks that can result from such disasters (Yulianto
et al. 2015).

Flood hazard assessment is one technique
used in the creation of flood hazard mapping
(FHM) or flood zoning areas aimed at reducing
both flood risk and the impact of flooding. Flood
hazard is influenced by various factors that can
be grouped into hydrology and metereology, ge-
omorfology and LULC. Some of these factors are
interrelated and provide a role in determining
the FHM area (Bajabaa et al. 2013, Szwagrzyk et
al. 2018). Hydrometereology is an interdiscipli-
nary field between meteorology and hydrology.
Meteorological phenomenon, which is a weath-
er event consisting of temperature, air pressure,
water vapour and the gradient of the interaction
of each variable in the atmosphere, can have in-
fluence on the hydrological cycle conditions.
Weather forecasting can be used to predict the
atmospheric conditions of a region in the future.
This becomes an important part in hydrometere-
ological disaster mitigation efforts based on the
scope of the watershed, such as floods, landslides,
drought and others (Collier 2016, Botai et al. 2017).
Watershed characteristics that exist on the surface
of the earth as a process of the hydrological cycle
can be identified and analysed through geomor-
phic processes related to landforms and also the
surface material that is in the watershed. Study
on environmental hazards is an applied geomor-
phology that examines hazards in the future or
related to disasters in the past that have occurred.
Identifying and analysing the process is an im-
portant aspect in the study of planning and man-
agement of a watershed area in an effort to reduce
disaster risk (Panizza 1986, Goudie 2004, Gorum
et al. 2008). Furthermore, changes in LULC can be
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used as a benchmark in evaluating watershed re-
sponses related to flow hydrographs, which can
be used to determine policy steps in handling hy-
drometereological disasters in an area. Changes in
hydrological properties depend on how large the
level of LULC changes that occur in a watershed.

Several methods are used to create FHM, based
on the hydrology, meteorology (e.g. Srivastava et
al. 2013, Godfrey et al. 2015, Requena et al. 2015,
Yucel et al. 2015, Dang, Kumar 2017, Afshari et al.
2018, Bass and Bedient 2018, Beretta et al. 2018)
and geomorphology (e.g. Motevalli, Vafakhah
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Fig. 1. Study area at the upstream Citarum Watershed, West Java, Indonesia.
Elevation value from SRTM30 DEM provided by the U.S. Geological Survey (USGS).
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2016, Righini et al. 2017, Samela et al. 2017,
Langhammer, Vackové 2018, Mergili et al. 2018).
Complex data are required for FHM based on a
modelling with a hydrological and meteorolog-
ical approach. These data include rainfall data,
information on river flow, a cross section of the
river and others. It can be difficult in developing
countries and certain regional conditions to ob-
tain the data needed for hydrological and mete-
orological modelling. The geomorphological ap-
proach may be used as an alternative to creating
flood hazard assessments because of the inade-
quate, inaccurate and limited data for producing
FHM using the hydrological and meteorologi-
cal approach (Diakakis 2010, Ho et al. 2010, Ho,
Umitsu 2011). The geomorphological approach
can help in studying the extent of inundation,
the direction of flood flows and changes in river
channels through other evidence of flooding, the
assistance of sedimentary features and deposits
formed by repeated flooding, thus enabling an
understanding of the nature/characteristics of
former flood and the potential characteristics of
floods that may occur in the future (Oya 2002,
Lastra et al. 2008).

The study area (Fig. 1) is located in the up-
stream Citarum watershed, West Java, Indonesia,
and consists of 8 (eight) sub-watersheds. These
are Ciwidey, Cisangkuy, Cirasea, Citarik,
Cikeruh, Cikapundung, Cihaur and Ciminyak.
The area is also characterised by complex ge-
omorphological variation, made up of plains,
hills, mountains and valleys. The Bandung Basin
area, or Cekungan Bandung (Fig. 2), is just one
area of plains within the study area that is prone
to flooding. There is a relationship between the
Bandung Basin area and 8 sub-watersheds in the
study area, which are based on river systems.

S
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Fig. 2. 3D view of the SRTM30 DEM for the Bandung
Basin area (Cekungan Bandung).

In the upstream Citarum, watershed starts from
Situ Cisanti which is located in the southern part
of Bandung Regency and Bandung City and
flows northward into the Bandung Basin area.
In this area, there are outlets of the 8 sub-water-
sheds in the upstream Citarum watershed, name-
ly, Citarik from the East, Cikeruh from the North,
Cikapundung from the North, Cihaur from the
North, Cirasea from the South, Cisangkuy from
the South, Ciwidey from the South and Ciminyak
from the West. The flood frequency in the study
area increased for the period 1931-2010 and at
present, the condition is very critical. Such flood
events have been greatly exacerbated in the re-
cent years because of the massive increase in ur-
ban/built-up areas (Apip et al. 2010, Hudalah et
al. 2010, Kartiwa et al. 2013, Dasanto 2014, Mulyo
et al. 2018). Bandung city and its surrounding
area have a higher economic growth rate than the
national average. It has experienced many chal-
lenges because of the rapid pace of urbanisation,
including slums; basic infrastructure; and flood-
ing. There has been a gradual increase in urban
development in the recent years.

Remote sensing and Geographic Information
Systems (GIS) are powerful and cost-effective
tools for analysing, monitoring and mapping
the dynamics of LULC changes. In addition, the
availability of multi-temporal data on processes
and patterns is useful for analysis of FHM spa-
tially and temporally (Zhang et al. 2002, Dewan,
Yamaguchi 2009). For the reason, the study uses
remote sensing and GIS techniques to observe
the dynamics of LULC change, with the aim of
identifying and mapping the flood hazard that
underlies the development of Bandung city and
its surrounding area. This research will become
an important benchmark for planners, policy-
makers and researchers regarding spatial plan-
ning in the study area. In addition, the results can
provide important input for sustainable land use
plans and strategies for mitigating flood hazards.

Materials and Methods

LULC Information

The input data for this study, comprising
LULC maps information for 1990, 1996, 2000,
2003, 2009 and 2019, were collected from studies
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conducted by Yulianto et al. (2018, 2019). The
LULC information was obtained from 30-m mul-
ti-temporal Landsat imagery, which was classi-
fied using the maximum likelihood approach.
There are 7 (seven) classes of LULC informa-
tion, which are given as follows. Class 1, Urban/
built-up area; Class 2, Primary forest; Class 3,
Secondary forest and mixed garden; Class 4,
Plantation; Class 5, Wet agricultural land; Class
6, Dry land farming; and Class 7, Water body.
The maps and classes are presented in Fig. 3 and
Table 1, respectively.

Interpretation related to forest classes, sec-
ondary forests and mixed gardens, plantations
and several other classes on Landsat imagery can
be performed based on the recognition of spa-
tial character. The characteristics of these objects
can be identified based on the interpretation el-
ements such as colour, shape, size, pattern, tex-
ture, location and appearance associations of the
object. The training area is needed in the classifi-
cation process as a class identifier on the object.
The training area can reflect the characteristics
of each object to be classified. Furthermore, the
maximum likelihood classification method has
been used to classify LULC in the study area.

Specifically for urban/built-up area, primary
forest, plantation, wet agriculture land, dry land
farming and water body, classes can be distin-
guished based on the characteristics of colour,
shape, size, pattern, texture, location and appear-
ance of the object association. Meanwhile, the
class of secondary forests and mixed gardens,
based on their characteristics in Indonesia, tend
to have similarities and mixed with other objects.
Because of this mixing with several other objects,
classification of the class becomes difficult. Thus,

in this study for the class, secondary forest and
mixed garden are combined into one class.

Urban or Built-Up Area Expansion Rate

The urban area expansion rate (UAER) gives
the average annual rate of growth of an urban or
built-up area during a given period and can be
formulated based on Equation (1) (Rimal et al.
2018, Rijal et al. 2018).

UA, - UA
(UA, tl) %100

UAER =
(Trz - Ttl) (1)

where:

- UAER is the rate of urban area expansion
(haa™),

- UA, and UA,, are the urban area sizes (ha) be-
tween times T, and T,, in years, respectively.

Semi-automated Landform Classification

A landform, as a part of geomorphology, is
the smallest unit of physical feature of the earth’s
surface that is produced by natural processes.
Plains, hills, mountains and valleys are examples
of features of the earth’s surface that can be de-
scribed as landforms. It is important to study and
observe the characteristics of landforms and their
relationship with human life in order to be aware
of the potential hazards and disasters in a re-
gion. Landforms are characterised by differences
in the structure and process of geomorphology,
topography and constituent material (Strahler
1957, Verstappen 1983, Ruffell, McKinley 2014).
In prior decades, the classification of landform
properties has been carried out by calculating

Table 1. LULC descriptions used in this study (sourced and modified from Yulianto et al. (2018, 2019).

ID Class LULC Type

Description

1 Urban/ built-up area

Consists of all built-up area, residential, industrial, commercial area,
villages, settlements, transportation infrastructure and others.

2 Primary forest Consists of natural forests that have not been disrupted by human
exploitation.

3 Secondary forest and mixed garden | Consists of industrial plantation forests and some garden planting,
coconuts, fruits and others.

4 Plantation Consists of conservation land, tea plantation, palm oil and others.

5 Wet agricultural land

Consists of land that requires much water for its planting patterns:
irrigated rice fields, rice terraces and others.

6 Dry land farming

Consists of land that requires little water for its cropping patterns:
fields, moorland and others.

7 Water body

Consists of all water sources, rivers, reservoirs, ponds and others.
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the geometry manually. Recently, however, an
increase and expansion in computer technolo-
gy has led to new spatial analysis methods, the
development of algorithms and the ease of ob-
taining digital elevation data, all of which have
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based on manual interpretation. Semi-automated
landform-based classification is one such method
that has both simplified and hastened the process
of mapping and classification of landforms that
was previously performed manually (e.g. Horton
1945, Coates 1958, Evans 1972). A GIS enables
detailed analysis of land surfaces to be integrat-
ed by remotely sensed data, specifically digital
elevation models (DEMs) (Schillaci et al. 2015).
There are several methods of spatial analysis;
the development of algorithms that contribute
to earth-oriented geomorphometry include the
curvature-based approach, fuzzy landform ele-
ments, pattern recognition, relief segmentation,
object-based, morphometric feature and others.
The development of these methods has thus
helped to speed up the landform classification
process (e.g. Irvin et al. 1997, Ehsani, Guisan et al.
1999, Burrough et al. 2000, Wilson, Gallant 2000,
Weiss 2005, Ramalingan et al. 2006, Quiel 2008,
Dragut, Eisank 2012, Jasiewicz, Stepinski 2013).

Terrain surface classification (TSC) was used
as the approach for the semi-automated land-
form classification in this study. TSC, as pro-
posed by Iwahashi and Pike (2007), can be used
to illustrate the geometric signature, comprising
a set of measures that describe the shape of the
topography by distinguishing geomorphologi-
cally different landscapes. Geometric signatures
are designed to create an estimated terrain-unit
map that includes slope gradient, surface texture
and local convexity. In this study, the semi-auto-
mated extraction of landform elements that can
be derived from SRTM30 DEM data was used
to create a landform-based classification using
the TSC approach. SRTM30 DEM was provided
by the U.S. Geological Survey (USGS). System
for Automated Geoscientific Analyses (SAGA)
version 6.3 software was used to automatically
identify the land elements from the TSC extrac-
tion (www.saga-gis.org). According to Olaya
and Conrad (2009), SAGA is full-fledged GIS
software whose features have some relation with
geomorphometry. It also includes a large set of
geoscientific algorithms that can serve as power-
ful tools in the analysis of DEMs.

Flood Hazards Assessment and Mapping

Ho and Umitsu (2011) conducted a research
related to micro-landform classification and flood

hazard assessment and integrated the methods
using remotely sensed data. The development of
methods for the integration of the classification
of micro-landforms and flood hazard zones was
based on a geomorphological approach using
SRTM30 DEM and Landsat data combined with
field investigation. Flood hazard zonation was
created based on categories from geomorpho-
logical features that grouped the average eleva-
tion of each landform into flood hazard classes.
Furthermore, the results of their study to create
flood hazard zonation were validated using field
surveys, topographic characteristics and the his-
tory of flood inundation maps. This study has
similarities in terms of the research topics that
were examined by Ho and Umitsu (2011) related
to flood hazard assessment and mapping. The
difference with this study lies in the proposed
use of the TSC approach to create micro-land-
forms as a basis for creating flood hazard as-
sessment and mapping in the study area. The
geomorphological characteristics in this case are
represented by micro-landform units, whereas
the flood characteristics and ground elevation
level/value of each landform are used to analyse
and classify the flood hazards in the study area.
Other supporting data, such as flood height,
were obtained from field surveys, whereas his-
torical flood inundation data were procured
from Sentinel-1 data in order to ascertain flood
probability information.

Multi-temporal remotely sensed data for the
period 2014-2018, Sentinel-1 C-band Synthetic
Aperture Radar Ground Range Detected (SAR
GRD), were used to create a flood probability
map capable of describing the history of floods in
the study area. According to Twele et al. (2016),
Sentinel-1 data with Level-1 Ground Range
Detected (GRD) products consist of focused
SAR data that have been detected, multi-looked
and projected to ground range using an earth
ellipsoid model. Several data processing steps
for Sentinel-1 SAR GRD products have been
carried out in this study using SNAP version
6.0.0 developed by the European Space Agency
(ESA), namely, (a) pre-processing, calibration;
(b) pre-processing, speckle filtering; and (c)
post-processing, geometric correction.

Flood inundations can be identified using
the change detection approach based on before-
flood and during-/after-flood information/
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data available for the period 2014-2018.
Implementation of the minimum error au-
to-thresholding algorithm was developed by
Kittler and Illingworth (1986) and was used to
classify flooding and non-flooding in the study
areas. Field observations and interviews with
residents of the surrounding area were conduct-
ed to gather information regarding the historical
depth of the flood and the impact of the flood.
Furthermore, flood probability can be calculated
based on Equation (2).
, Prob_valuex(ilj)
Prob_total = Zaﬁ @)
where:
- Prob_total is the total flood probability value,
- Prob_value ,  is the probability value in vari-
ous neighbourhood scenarios (x) (for x =1, 2,
3, ..., y) in value for each pixel position (i, j).

Results
Change in LULC between 1990 and 2016

During the 26-year period of LULC obser-
vation from 1990 to 2016 (Fig. 4), LULC was
dominated by dry land farming, primary forest,
secondary forest and mixed garden, urban/built-
up areas, wet agricultural land and plantation.
Increases in LULC during this period occurred
in urban/built-up areas, dry land farming and
plantation. Meanwhile, decreases in LULC were
recorded in respect of primary forest, secondary
forest and mixed garden and wet agricultural
land. For dry land farming during the period
1990-2016, the estimated change in area was an
increase of 35,716 ha or 15.63%, whereas for ur-
ban/built-up areas and plantation, the increases
were 11,374 ha (4.98%) and 3,097 ha (1.36%), re-
spectively. Meanwhile, the estimated decreases
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Fig. 4. The dynamics of LULC changes during the period 1990-2016 in the study area.
A - estimated area in LULC changes (in hectares), B - Trends and percentages in LULC changes (in per cent).
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in secondary forest and mixed garden, primary
forest and wet agricultural farming were in the
order of 32,018 ha (14.01%), 12,704 ha (5.56%) and
5,466 ha (2.39%), respectively.

Furthermore, the LULC distribution dur-
ing the period 1990-2016 can be divided into
eight sub-watersheds within the study area
(Fig. 5), namely, Cihaur, Cikapundung, Cikerubh,
Ciminyak, Cirasea, Cisangkuy, Citarik and
Ciwidey. In order to analyse the role of LULC
changes and their effects on flooding, the dy-
namics of changes in LULC calculations during
1990-2016 were detailed to the sub-watershed

level in the study area. Fig. 5 shows the distri-
bution of the LULC classes within each sub-wa-
tershed. Cihaur, Cikapundung and Cikeruh are
located in the northern part of Bandung, where-
as Ciminyak, Cirasea, Cisangkuy, Citarik and
Ciwidey are all located in the southern part of
Bandung. In general, the primary forest class,
as a rain catchment area, is better distributed in
the southern part of Bandung than the north-
ern part. Meanwhile, the distribution of areas
in the urban/built-up area class, which have
the potential to reduce the recharge area size,
is concentrated in the northern part of Bandung
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in comparison to the southern part. During the
period 1990-2016, there was an increase in the
dry land farming class, which was distributed
across all sub-watersheds and dominated the
other classes.

Urban or Built-Up Area Expansion Rate

In addition to the primary forest that acts as a
rain catchment area, the growth of urban/built-
up areas can also lead to a reduction in the size of
the catchment areas and thus contribute to flood-
ing in the study area. The size of the urban/built-
up areas and the rate of expansion of these areas
across the eight sub-watersheds in the study area
are presented in Tables 2 and 3. On the basis of
Tables 2 and 3 and Fig. 6, it can be seen that of the
eight sub-watersheds, three feature a high level
and high rate of urban/built-up area expansion,
namely, the Cikapundung, Cihaur and Cikeruh
sub-watersheds located in the northern part of
Bandung. The rates of urban/built-up area ex-
pansion for these 3 sub-watersheds during the
period 1990-2016 were 149.9, 1183 and 64.5
ha a™, respectively. Meanwhile, the sub-water-
sheds that had the rates of urban/built-up area
expansion for 1990-2016 at or below 35.0 ha a™
are located in southern Bandung,.

Semi-automated Landform Classification

The result of the semi-automated landform
classification using the TSC approach in the study
area is presented in Fig. 7. According to Iwahashi
and Pike (2007), the parameters in TSC describe
the geometric signatures used to create ter-
rain-unit maps, which are related to slope gradi-
ent, surface texture and local convexity. In gener-
al, the micro-landform classification in the study
area can be classified into 16 units. Furthermore,
the Bandung Basin is used as a unit area bound-
ary to enable a focus on the classification of po-
tential flood areas. This is presented in Fig. 8 and
combined with the information obtained using
the Topographic Position Index (TPI) approach
by Yulianto et al. (2019). Meanwhile, the use of
TSC for micro-landform characteristics can be
described in relation to flood conditions based
on their characteristics, which is presented in
Table 4.

Flood Hazard Assessment

On the basis of Table 4, TSC as a micro-land-
form classification approach displays character-
istics in relation to flood conditions. There are 10
classes of TSC micro-landforms in the Bandung

Table 2. Urban/built-up area size in the eight sub-watersheds in the study area.

Area (ha)

Sub-Watershed 1990 1996 2000 2003 2009 2016

Cihaur 3,409.7 3,936.7 3,086.2 4,505.2 5,367 4 6,486.6
Cikapundung 8,414.6 8,965.7 9,223 9,702.7 10,451.0 12,311.6
Cikeruh 1,115.7 1,481.2 1,635.0 1,751.1 1,961.8 2,793.9
Ciminyak 207.1 2103 218.8 292.9 4222 4353
Cirasea 1,019.8 1,022.3 1,194.9 1,257.6 1,373.7 1,788.1
Cisangkuy 808.3 858.7 9445 1,111.6 1,318.9 1,692.9
Citarik 720.9 872.8 1,073.5 1,129.3 1,135.6 1,454.2
Ciwidey 391.9 392.8 405.1 459.9 586.6 753.9

Table 3. The rate of urban/built-up area expansion in the eight sub-watersheds in the study area.

Sub-Watershed UAER (haa™)
1990-1996 1996-2000 2000-2003 2003-2009 2009-2016 1990-2016

Cihaur 87.8 12.4 173.0 143.7 159.9 118.3
Cikapundung 91.9 64.1 160.1 124.7 265.8 149.9
Cikeruh 60.9 38.4 38.7 35.1 118.9 64.5
Ciminyak 0.5 21 247 21.5 1.9 8.8
Cirasea 0.4 43.1 20.9 19.3 59.2 29.5
Cisangkuy 8.4 21.5 55.7 34.6 53.4 34.0
Citarik 25.3 50.2 18.6 1.1 45.5 28.2
Ciwidey 0.1 3.1 18.3 21.1 23.9 13.9
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Fig. 7. Results of the terrain surface classification (TSC) as a micro-landform classification in the study area.

Basin, 8 of which are micro-landform classes that
have the potential to be flooded based on their
characteristics. Historical flood inundation data
produced using multi-temporal Sentinel-1 data
between 2014 and 2018 were used to analyse the
probability of flood inundation in the study area,
which is presented in Fig. 9. Field observations and
interviews with residents of the surrounding area

were carried out to gather information regarding
the historical depth of flooding and the impact of
the floods. Furthermore, the results obtained from
mapping the TSC as a micro-landform and the
probability of inundation and flood depth taken
from field observations have been integrated to
produce maps and a flood hazard assessment of
the study area, as presented in Fig. 10.
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Discussion

Effect of LULC changes related to flood
contribution in the study area

The spatial distribution and analysis of LULC
changes during the period 1990-2016 have
shown an increase in some LULC classes that
have the potential to reduce recharge areas and
also contribute to flooding in the study area.

The expansion of the urban/built-up area class
of 447.3 ha a™ during the period 1990-2016 has
thus contributed to a reduction in recharge ar-
eas, especially in the northern part of Bandung
(Fig. 6), where the greatest contributions came
from the sub-watershed areas of Cikapundung,
Cihaur and Cikeruh. This type of expansion also
leads to an increase in run-off associated with the
reduction of recharge areas in the study area. In
addition, there has been a change in LULC class,
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notably a shift towards dryland farming, which
has come to dominate the other LULC classes
and can also contribute to flooding in the study
area. Some of the various types of plants used in
dryland farming, such as potatoes, onions and
others, tend to provide minimal vegetation cov-
er and a high potential for erosion during rain
that can affect the sedimentation and siltation
of rivers in the study area. Reduced river capac-
ity as a result of sedimentation tends to lead to
the overflow of rivers and flooding. Meanwhile,
the trend for year-on-year decreases in the cov-
erage of both the primary forest and secondary
forest and mixed garden class of LULC in the

area also impact on the reduction of infiltration
zones, notably in the upstream areas of the study
area. According to Rosyidie (2013), one cause
of flooding in the study area was the change in
LULC in those upstream areas that were previ-
ously forest and have since been converted into
dry land farming, comprising horticultural farms
with seasonal plants such as potatoes, carrots,
mustard greens, cabbage and beans that tend
to require a short time to harvest. High erosion
rates occur because these seasonal plants do not
protect the soil from erosion and contribute to
sedimentation and flooding in the lower regions.
Bosch and Hewlett (1982) described the strong

Table 4. Terrain surface classification (TSC) micro-landform characteristics related to flood conditions in the

study area.
No Mlcro-lapdfgrm classi- Description Flood hazard class
fication
1 | Plains, gentle slope, fine | Plains area with the permissible range less than 9% gradi- | Very high flood hazard 1
texture, high convexity |ent, dominant positive/concave convexity, fine texture in-
dicates a high proportion of finer particles such as silt and
clay. Depth of flooding in excess of 5 m
2 | Plains, gentle slope, fine | Plains area with the permissible range less than 9% Very high flood hazard 2
texture, low convexity | gradient, dominant negative/concave convexity, fine
texture indicates a high proportion of finer particles such
as silt and clay. Depth of flooding 4-5 m.
3 |Plains, gentle slope, Plains area with the permissible range less than 9% gradi- | High flood hazard 1
coarse texture, high ent, dominant positive/concave convexity, coarse texture
convexity indicates a high proportion of sand. Depth of flooding
3-4 m.
4 | Plains, gentle slope, Plains area with the permissible range less than 9% gradi- | High flood hazard 2
coarse texture, low ent, dominant negative /concave convexity, coarse texture
convexity indicates a high proportion of sand. Depth of flooding
2-3 m.
5 | Open slopes, moderate | Open slope area with a gradient of slope between 10 and | Moderate flood hazard 1
slope, coarse texture, 15%, dominant positive/concave convexity, coarse texture
high convexity indicates a high proportion of sand. Depth of flooding
1-2m.
6 | Open slopes, moderate | Open slope area with a gradient of slope between 10 and | Moderate flood hazard 2
slope, fine texture, low |15%, dominant negative/concave convexity, fine tex-
convexity ture indicates a high proportion of finer particles such as
silt and clay. Depth of flooding 1-2 m.
7 | Upper slopes, steep Upper slopes area with a gradient of slope between 16 Low flood hazard 1
slope, fine texture, high |and 30%, dominant positive/concave convexity, fine
convexity texture indicates a high proportion of finer particles such
as silt and clay. Depth of flooding 0.5-1 m.
8 | Upper slopes, steep Upper slopes area with a gradient of slope between 16 Low flood hazard 2
slope, fine texture, low |and 30%, dominant negative/concave convexity, fine
convexity texture indicates a high proportion of finer particles such
as silt and clay. Flood depth less than 0.5 m.
9 | Upper slopes, very Upper slopes area with a gradient of slope between 31 No flood hazard 1
steep slope, fine texture, | and 60%, and > 60%, dominant positive/concave con-
high convexity vexity, fine texture indicates a high proportion of finer
particles such as silt and clay.
10 | Upper slopes, very Upper slopes area with a gradient of slope between 31 No flood hazard 2
steep slope, coarse tex- |and 60%, and > 60%, dominant negative/concave convex-
ture, low convexity ity, coarse texture indicates a high proportion of sand.
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correlation that exists between a reduction in
forested areas, or deforestation, and an increase
in flooding, whereas Wan and Yang (2007) ex-
plained how the expansion of urban/built-up ar-
eas is one of the major contributors to an increase

in flooding. Furthermore, Warburton et al. (2012)
outlined how the contribution of LULC to flood-
ing depends on the proportional and spatial dis-
tribution of various types of LULC within the
watershed location. The results of this study (Fig.
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5) show that the proportional distributions are
different for each type of LULC in the sub-water-
sheds in the study area. The sub-watersheds of
Ciwidey, Cisangkuy, Ciminyak and Cirasea are
areas with the highest proportions of primary for-
est compared to the other sub-watersheds, which
indicates that these areas remain relatively strong
in terms of their catchment areas. Meanwhile,
the sub-watersheds of Cikapundung, Cihaur,
Cikeruh and Citarik contain more limited pro-
portions of primary forest. This, coupled with
relatively large proportions of urban/built-up
areas and much in the way of dryland farming
in these areas, tends to contribute significantly to
flooding in the study area.

Flood hazard zone analyses and assessment

The result of the flood hazard assessment and
mapping is based on the integration of TSC as a
micro-landform classification approach with the
flood inundation probability map and depth of
flood data obtained from field observations (Fig.
10). In this study, the flood conditions and their
interaction with micro-landform features are in-
fluenced by the topographic characteristics of the
region in the form of the basin area, referred to
collectively as the Bandung Basin or Cekungan
Bandung. According to Narulita et al. (2008), the
boundary of the Bandung Basin is an area based
on the distribution of ancient Bandung lake sedi-
ments that morphologically formed a plain, with
the surrounding area as the source of the lake
sediment. This area is an ancient Bandung sed-
imentary plain that dried up thousands of years
ago. The flooding mechanism in the study area is
based on the topographic characteristics affected
by the former lakes, alluvial fan plain and ma-
jor river (i.e. the Citarum). The alluvial fan plain
spreads to cover the northern part, and the river
flows across the Bandung lake plain in meander-
ing patterns, especially in the south of Bandung.
The results of the flood hazard assessment map
(Fig. 10) in the very high flood hazard class show
the micro-landform of the study area in the form
of a plain area with a slope of less than 9%, or
gentle slope, which has high convexity (con-
cave; for hazard 1) and low convexity (convex;
for hazard 2) and is also characterised by the fine
texture of sediment, the dominant proportion of
which comprises finer particles such as silt and

clay. The flood depth in the area is close to ex-
ceeding 5 m. Fig. 11a and 11b shows examples
of locations in the very high flood hazard class
located in the Baleendah district. Fig. 11c shows
a location in the high flood hazard class and il-
lustrates a micro-landform condition in the form
of a plain featuring a gentle slope with coarse
texture, thus indicating a greater composition
of sand (compared to fine texture, dominantly
clay) and which also has both high convexity
(concave) and low convexity (convex). At this lo-
cation in the Bojongsoang district, the depth of
flood is between 2 and 4 m. Meanwhile, an exam-
ple of a moderate hazard area location is given in
Fig. 11d, which is located in Cibiroso, featuring
a micro-landform class of open slopes, moderate
slope, coarse texture, high convexity and a flood
depth of 1-2 m. Hannan (2017) produced a map
of potential flood hazards in the same location (in
the study area) using the Topographic Wetness
Index (TWI) approach. SRTM30 DEM data were
also used as an input to calculate the flow accu-
mulation and slope, which were then used to
describe the wetness of the soil. According to
Huang et al. (2008), Grabs et al. (2009) and Yang
et al. (2015), TWI has a positive correlation with
the characteristics of soil moisture, such as ho-
rizon depth, organic matter and clay content.
Furthermore, TWI has been widely used to de-
termine the wet conditions in a watershed and
is able to identify areas that are saturated with
water and thus have high flood potential. The
results of the study by Hannan (2017) show that
the TWI value in the study area ranged from
—0.03 to 7.85, which represents a large potential
for flood disasters; this can then be classified as a
map of potential flood hazards. This is in accord-
ance with the results of this study, whereby the
micro-landform areas with TSC classes of plain,
gentle slope, fine texture and high convexity, and
also those with low convexity, have very high
flood hazard potential in accordance with the
TWI value, which indicates a high wetness lev-
el. Meanwhile, regions that are characterised as
being in the low flood hazard class have a TWI
value indicating a low wetness level. Nurjaman
(2018) used a GIS with the Complete Mapping
Analysis (CMA) approach to identify the level of
flood-prone parameters in the study area exam-
ined. The weighting method used to determine
the score of each parameter was empirically based
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on field observations and the number of flood
events. The parameters used were slope, altitude,
rainfall, soil texture, distance from the river, pop-
ulation density and land cover. The results of the
study revealed that some of the sub-districts in
the class that is very prone to flooding included
Dayeuh Kolot, Rancaekek and Margahayu. Some
of the locations included in flood-prone classes
included Arjasari, Paseh and Baleendah, where-
as locations that were not prone to flooding in-
cluded Pengalengan, Pasir Jambu and Kertasari.
The results show that the same thing related to

several locations with a flood-prone level, with
the results of this study related to areas that range
from the very high to low flood hazard classes in
the study area.

Limitations and potential application

This study has analysed the description of
LULC change information and its contribution to
flooding in the study area. However, this study
has not included a detailed quantitative analysis
of the response of LULC changes to flooding. The
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Flood inundation

Fig. 11. Areas affected by flooding.

A, B - a very high flood hazard area in Baleendah, with TSC class of plains, gentle slope, fine texture, high convexity
and a flood depth of more than 5 m. C - a high flood hazard area in Bojongsoang, with TSC class of plains, gentle
slope, coarse texture, high convexity and a flood depth of 2-4 m. D - a moderate flood hazard area in Cibiroso, with
TSC class of open slopes, moderate slope, coarse texture, high convexity and a flood depth of 1-2 m.

next study will conduct an analysis regarding
this matter in order to determine the significant
influence and contribution of LULC changes to
flooding. The integration of TSC as a micro-land-
form classification approach, the probability map
for flood inundation and the depth of flood data
from field observation can be used as an alter-
native to developing flood mapping and hazard
assessment. It would also be possible to apply
these methods to other regions that have limit-
ed hydrological data and other parameters for
the purpose of creating a flood hazard map as a
basis for hydrological and meteorological model-
ling. This type of combined production related to
flood hazards using various geomorphological,
hydrological and meteorological approaches, in
addition to several other approaches, is expect-
ed to yield more detailed and complete infor-
mation. This study uses LULC information that
was produced with Landsat multi-temporal data,
along with SRTM30 DEM that can support scale
mapping up to 1:50,000. The use of high-resolu-
tion satellite imagery and also high-resolution of
digital elevation models (DEMs) will certainly
produce more detailed information with respect

to producing LULC information and also for the
use of TSC for a micro-landform area. In addi-
tion, this study has not included issues related
to the environment, which also have an impact
on the causes of floods in the study area. These
issues include groundwater extraction and the
phenomenon of land subsidence and deposition
in the river sediment. As such, this constitutes an
area for potential future research by adding pa-
rameters related to the issue in order to obtain
more detailed and complete information.

Conclusion

This study used remote sensing and GIS tech-
niques to understand the dynamics of LULC
change and identify as well as undertake the
FHM that underlies the development of Bandung
city and its surrounding area. The decrease in the
size of the areas of secondary forest and mixed
garden, primary forest and wet agriculture is ac-
companied by, and closely related to, the expan-
sion of urban/built-up areas and dry land farm-
ing, all of which were interpreted and classified
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from multi-temporal Landsat imagery and pur-
portedly result in reduced water infiltration into
the soil, along with increased surface run-off as
well as soil erosion. Therefore, they contribute
to the occurrence of flooding in the Bandung
Basin. Semi-automated landform classification
using the TSC approach, based on 30-m SRTM
DEM data, was successfully applied to the map-
ping of micro-landforms in a basin-shaped geo-
morphology. Likewise, Sentinel-1 data, a type of
SAR with medium resolution, has the ability to
map flood inundation in the geomorphological
region. The integration of these two methods is
very powerful for analysing flood hazard assess-
ment. Integration of the LULC change analysis
model with Landsat time series, medium-reso-
lution optical data, semi-automated landform
classification using the TSC approach based on
SRTM30 DEM and analysis of historical flood in-
undation using multi-temporal Sentinel-1 SAR is
a remote sensing and GIS approach that provides
an effective and efficient means of understand-
ing the dynamics of changes in LULC spatially
and temporally and their relation to flood haz-
ard in a basin area. This research will remain an
important benchmark for planners, policymakers
and researchers regarding spatial planning in the
study area. In addition, the results can provide
important input for sustainable land use plans
and strategies for mitigating flood hazards. In fu-
ture studies, the development of the results of this
study can be used as an input for mapping and
flood risk analysis, which will combine LULC,
geomorphology and several other parameters.
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